A total of 17 laboratories (including one author's laboratory) participated in a collaborative study for determination of lysine, methionine, and threonine in trade products or concentrated amino acid premixes. Thirteen samples, 4 pure amino acids and 6 premixes, including 3 Youden matched pairs, were analyzed. The applied liquid chromatographic (LC) method using cation-exchange resin and post-column derivatization with ninhydrin or o-phthaldialdehyde was shown to be accurate and specific for the analytes. Titration procedures, normally used for the assay of pure amino acids, are unspecific and the accuracy of the results can be affected by impurities. Repeatability relative standard deviations, RSD r , ranged from 0.84 to 1.17% for pure amino acids and from 0.50 to 1.68% for premixes; reproducibility relative standard deviations RSD R , ranged from 1.52 to 2.31% for pure amino acids and from 1.48 to 2.59% for premixes. Recoveries were between 97.5 and 102.8% of the expected amino acid assays. The method has been adopted Official First Action status by AOAC IN-TERNATIONAL.
T he supplementation of complete feed with amino acids is the most efficient and cost-effective way to get maximum animal performance. Lysine and methionine, especially, are commonly used, and threonine supplementation is of increasing importance for swine and turkey feed.
In the past, when normally pure crystalline amino acids like L-lysine·HCl, DL-methionine, or L-threonine were used, the analytical results were accurately determined by titration methods. Other trade products like amino acid mixtures, rumen-protected amino acids, liquid formulations, or dried products containing residues of the fermentation process were developed and registered during the last several years. The latter products cannot be accurately checked for amino acid content by simple titration because of interferences from unidentified amino acids and other constituents.
For quantitative analyses of feed, ion-exchange chromatography with post-column derivatization, based on the work of Schram et al. (1) , Moore et al. (2) , and Spackman et al. (3) , has become the standard technique used to check amino acid content because of its accuracy, specificity, and robustness. Llames and Fontaine (4) have described different sample preparation procedures for the determination of total amino acid content in feeds after protein hydrolysis in a collaborative study. On the basis of the results of the collaborative study, the method Amino Acids in Feeds, 994.12, was adopted Final Action in 1996 by AOAC INTERNATIONAL.
Also, free amino acids in supplemented feed are routinely determined by ion-exchange chromatography after extraction with dilute hydrochloric acid, as described by Schmidtborn and Spindler (5) . In 1994, the European Federation of Animal Feed Additive Manufacturers (FEFANA; Brussels, Belgium) established an expert group with the goal to develop an accurate and specific assay for amino acids in trade products and concentrated premixes. The resulting analytical procedure, evaluated in this study and based on unpublished methods developed in the authors' laboratories, describes in detail optimal conditions for dissolution in 0.1M HCl and for dilution (with addition of internal standard) and instructions for calibration and analysis. The method was successfully tested for a by grinding with a Retsch ZM 100 mill to pass a 0.25 mm sieve. Samples 11-13 were prepared from the commercially available feed-grade amino acids L-lysine·HCl, DL-methionine, and L-threonine by dilution and mixing with equal portions of L-alanine, L-glutamic acid, and glycine. This procedure was followed to lower the assay results below the typical levels as well as to prevent purity checks by simple titration. The added amino acids would interfere with titration and result in elevated assay values. All samples were divided with a Retsch sample divider PT 1000 with dosing unit DR 100 into representative portions. About 40 g of each sample was added to a labeled 100 mL polyethylene screw-cap bottle and closed tightly.
The collaborators were informed that the samples were homogenized and should not be treated further.
The method required that the collaborators know the expected amino acid content. These values were needed to calculate the amount of sample to weigh and analyze. The expected percentages of lysine, methionine, and threonine in premix samples 2-10 were rounded to the nearest multiple of 5 and given to the collaborators for orientation. For the Biolys sample, an approximate lysine content of 50% was given, whereas samples 11-13 were treated like pure amino acids. To help the collaborators with the setup of their amino acid analyzers, a sample chromatogram of the calibration solution ( Figure 1 ) was distributed.
METHOD

Lysine, Methionine, and Threonine in Feed Grade Amino Acids and Premixes
First Action 1999
[Method is applicable to the determination of the free nonprotein-bound amino acids (lysine, methionine, and threonine) in feed grade amino acid trade products or in premixes with more than 10% individual amino acid content.]
See Table 999 .13 for the results of the interlaboratory study supporting acceptance of the method.
A. Principle
The amino acid trade products or premix are dissolved in 0.1M HCl and diluted with sodium citrate buffer. Norleucine internal standard solution is added and the amino acids are separated by an amino acid analyzer or by HPLC using a cation-exchange resin and sodium citrate buffer eluent solutions. The amino acids are measured colorimetrically following post-column reaction with ninhydrin, or by fluorescence detection after post-column reaction with o-phthaldialdehyde (OPA). lyzed, i.e., lysine, methionine, and threonine. The commercially available mixed standard solutions, containing, e.g., 18 amino acids, do not give optimal results. (2) The dilution and addition of internal standard must be performed either with a dilutor/graduated pipets or by weighing.] Before first use, dry crystalline amino acids in vacuum desiccator for 2 days over phosphorus pentoxide, and store in vacuum desiccator.
B. Apparatus
( (1), and norleucine solution, (d), with sodium citrate buffer, (b), using 1:20 ratio, (e.g., 50 µL amino acids stock solution and 50 µL norleucine solution are diluted by the dilutor to 1.000 mL with sodium citrate buffer, (b), or 5.0 mL both solutions are pipetted into a 100 mL volumetric flask and diluted to volume with buffer). Store solution in refrigerator for a maximum of 1 week. (Note: The dilution of the solutions can be adjusted to the sensitivity of the analyzer and the post-column derivatization used.) (f) Elution buffers for cation exchanger column.-Purchase from the manufacturer of the amino acid analyzer or HPLC or prepare them according to supplier's recommendations. Typically 3-5 aqueous buffer solutions containing sodium citrates or carbonates and small amounts of special additives and preservatives are used. During elution of the amino acids, the concentration of Na + and the pH are increased. (g) Ninhydrin or OPA reagent.-Purchase from the manufacturer of the amino acid analyzer or HPLC or prepare it according to supplier's recommendations.
E. Calibration
[Note: The chromatographic system must separate the amino acids from each other and from any other components which react with the reagent used (e.g., ammonia, amines, peptides, or aminosugars). The analyte amino acids must be 100% baseline separated from all other peaks that are eluted to avoid erroneous results caused by peak overlap. The chromatographic system should provide a linear response over the concentration range of the standard curve.]
For calculation, assume that the standard amino acids are 100% pure. Calculate lysine content in lysine⋅HCl as follows:
Lysine base = 0.800 × lysine⋅HCl Calibrate the system as follows: Filter a suitable amount of the amino acid calibration solution, D(e) (2) where W tp (pure aa) = test portion amount (2.5 mmol) used for pure amino acid, g; C exp = expected amino acid content, %.
Weigh in the calculated test portion amount into weighed 500 mL labeled bottles. [Example: A premix with 20% content of DL-methionine, C(b), requires test portion amount of 1.8-1.9 g.] Add ca 400 mL 0.1M HCl, D(c) (2) , and extract while stirring with a magnetic stirrer for 30 min. Determine total weight of extraction solution (W ex ) and weigh a 1 mL aliquot with a graduated pipet into 50 mL volumetric flask (W ali ). Weigh additionally 2. (3) . [Note: If amino acid contents differ greatly in the premix, make more than one extraction using different calculated amounts W tp (premix) and determine amino acid contents from the optimal extract.]
If analysis is not performed immediately after preparation, store solutions, (a) or (b), at <5°C for maximum of 3 days. 
G. Determination
H. Calculations
Determine the area of the amino acid peaks in calibration solutions and test extracts by integration and calculate the amino acid content as % of the test portion as described in (a) or (b) below.
(a) Calculation if dilution by weighing is applied.-Calculate the response factor (RF) for each analyzed amino acid as follows:
where P aa-c = peak area of amino acid in calibration solution; P n-c = peak area of norleucine in calibration solution; W aa = weight of 2.5 mL amino acid stock solution (g); W n-c = weight of 2.5 mL norleucine stock solution (g 
where P aa-ts = peak area of amino acid in test solution; P n-ts = peak area of norleucine in test solution; RF aa = response factor of amino acid; C aa = concentration of amino acid in stock solution (g/1000 g), assuming 1 L solution weighs 1000 g; W n-ts = weight of 2. where P aa-c = peak area of amino acid in calibration solution; P n-c = peak area of norleucine in calibration solution.
Calculate the amino acid content of the test sample as follows:
where P aa-ts = peak area of amino acid in test solution; P n-ts = peak area of norleucine in test solution; RF aa = response factor of amino acid; C aa = concentration of amino acid in stock solution (g/L); W tp = weight of test portion (expressed in g/L).
[Notes: (1) Results of this calculation are expressed for the product "as is." For the calculation of purity according to a specification, that is, amino acid content in dry product, determine the dry matter content of the product. The purity is directly obtained, if the product is dried prior to analysis. If the spread is greater, perform analysis from a third extraction and report mean of the 3 determinations. If RSD is >3%, reanalyze the test solutions. If the first determinations are confirmed (<1.5% relative spread between the 2 chromatographic runs of each test solution), the test sample is not homogeneous enough. Rehomogenize the test sample. If the results again are not confirmed, the error is due to the chromatography. Check the analyzer and repeat all affected measurements.
Round results to 2 decimal places. 
Collaborators' Comments
On the result sheet, collaborators were asked to report on the instrument, the derivatization reagent used, the method of dilution, and any deviations from the protocol.
Only Laboratory 9 used a liquid chromatograph with o-phthaldialdehyde post-column derivatization. Three assays were reported for each sample, and the results showed good repeatability. All other laboratories used commercially available amino acid analyzers with ninhydrin post-column derivatization.
Laboratories 5, 8, 11, 12, and 14 reported the use of a dilutor to bring the extract to measurable concentration with the addition of the internal standard. Laboratories 1, 2, 3, 6, 10, 13, 15, and 20 did this by volumetric dilution, using volumetric flasks and pipets. Laboratories 7, 9, 16, and 19 applied dilution by weighing. All procedures followed the protocol.
Laboratories 1 and 8 reported that they could not completely dissolve the premix samples. This is quite normal, because only the amino acids are dissolved, but not the wheat bran. In the method in sections F(a) and F(b), "dissolve" was replaced by "extract." Laboratory 1, which used an old amino acid analyzer, had difficulties in meeting the requirement for repeatability of the response factors (RSD r < 1%) in E, Calibration. This laboratory reported values between 0.38 and 1.80%. Because no other laboratories reported this problem, the method was not changed.
Laboratory 6 used lithium citrate buffers for elution. This is common practice for amino acid analysis of physiological samples and improves the resolution. Therefore, the results were accepted. This laboratory found some agglomerates in sample 1, analyzed 3 replicates, and reground the material. The homogenity was improved, but the assays were lower, because Biolys is somewhat hygroscopic. Only the original results were used for the statistical analysis. This laboratory also commented that the required regular calibration check of measuring a standard after all 4 sample runs is very useful for avoiding errors in analysis. Because of a stability problem with ninhydrin, this laboratory had problems with amino acid recovery from the standard and had to correct the calibration quite often. With a new batch of ninhydrin reagent, the problem did not reoccur. Laboratories 1, 6, 10, and 15 reported that they used a citrate buffer of somewhat different composition for dilution of extracts to get optimum results with their analyzers. This is a minor deviation that did not affect the results of the study.
Laboratory 20 reported that because of capacity limitations only one standard per day could be run. This is a major deviation from the protocol, but this laboratory presented data supporting its claim that the calibration was valid over the entire measuring period. We decided, therefore, to include the data in the statistical analysis.
Results and Discussion
Results were received from 17 participants. Laboratories 4, 17, and 18 agreed to participate, but were not able to analyze the study samples. The collaborators were asked to report results for 2 or 3 replicates as described in the method. Table 2 summarizes the single assay results for each laboratory.
The study data for all samples were evaluated by using the Excel spreadsheet version of the AOAC statistical software to calculate the performance parameters according to the Harmonization Guidelines (6) . For all samples, the 2 or 3 assay results in Table 2 were used as balanced or unbalanced replicates for the evaluation. The method performance parameters obtained are shown in Table 999 .13.
The results were checked for outliers according to the Cochran and Grubbs tests, but because of the excellent precision of the data, most outliers were stragglers and their removal was deemed inappropriate. Only the results for sample 2 submitted by Laboratory 20 were strong Grubbs outliers and were removed. An explanation for this was not supplied by the laboratory.
RSD r values ranged from 0.84 to 1.17% for pure amino acids and from 0.50 to 1.68% for premixes; reproducibility relative standard deviations (RSD R ) ranged from 1.52 to 2.31% for pure amino acids and from 1.48 to 2.59% for premixes. For lysine, the RSD r ranged from 0.74 to 1.68%, and the RSD R ranged from 1.50 to 2.49%; for methionine, the RSD r ranged from 0.50 to 1.56%, and the RSD R ranged from 1.52 to 2.59%; and for threonine, the RSD r ranged from 0.65 to 1.35%, and the RSD R ranged from 1.87 to 2.33%. Thus, the performance of the method is virtually equal for all tested amino acids.
A Youden matched-pairs statistical analysis was also performed for the sample pairs 5/6, 7/8, and 9/10, in which the second sample of each pair was obtained by dilution. Analysis of the sample pairs provided an "independent" check of the within-laboratory precision (repeatability), because the participants were not informed about the amount of sample dilution. For the proposed analytical method, 2 or 3 replicate analyses were required and reported. The AOAC statistical evaluation of Youden matched pairs, however, doesn't allow replicates.
Therefore, a 2-way analysis of variance (ANOVA) was performed by using the MIXED procedure of the SAS statistical software (7) , in which the variance components for between laboratories, laboratory-sample interaction, and repeatability were estimated. The results are shown in Table 3 , but they are not to be used as AOAC performance parameters of the study. However, it is obvious that the RSD r values for lysine, methionine, and threonine in the sample pairs are about the same as the averages of the 2 results in Table 999 .13 for the same samples. The same was observed for the RSD R values. Both types of statistical evaluation give similar, very low RSD r and RSD R values for the collaborative results, and this comparison shows that the analytical procedure is suitable for the quality control of amino acid trade products and concentrated premixes. Table 4 compares the expected contents based on sample composition with the mean results of the collaborative study (Table 999 .13) and the calculated amino acid recoveries are shown. Recoveries were not corrected for the purity of the feed-grade amino acids used; purity was assumed to be 100%. Recoveries were between 97.5 and 100.1% for lysine, between 98.3 and 102.4% for methionine, and between 99.0 and 102.8% for threonine.
The addition of wheat bran to the first sample in the pairs 5/6, 7/8, and 9/10 diluted the amino acid content of the second sample by 4.0, 1.5, and 3.0%, respectively. From the mean study results for lysine, methionine, and threonine in Ta- ble 999.13, the relative dilutions were calculated to be 2.2, 4.5, and 3.9%, respectively, for sample pair 5/6; 1.5, 2.1, and 1.4%, respectively, for pair 7/8; and 2.7, 2.3, and 2.9%, respectively, for pair 9/10. Thus, the method was shown to be able to determine small differences in amino acid content with reasonable accuracy.
No negative comments were made by the 17 collaborators, and difficulties regarding the safety aspects of the method were not mentioned.
Recommendation
On the basis of these results, the Associate Referees recommend that this LC method for the determination of lysine, methionine, and threonine in pure amino acids (feed grade) and premixes be adopted First Action. 
